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Abstract. In this work, we briefly outline the core 5G air interface im-
provements introduced by the latest New Radio (NR) specifications, as
well as elaborate on the unique features of initial access in 5G NR with
a particular emphasis on millimeter-wave (mmWave) frequency range.
The highly directional nature of 5G mmWave cellular systems poses a
variety of fundamental differences and research problem formulations,
and a holistic understanding of the key system design principles behind
the 5G NR is essential. Here, we condense the relevant information col-
lected from a wide diversity of 5G NR standardization documents (based
on 3GPP Release 15) to distill the essentials of directional access in 5G
mmWave cellular, which becomes the foundation for any corresponding
system-level analysis.
Keywords: mmWave · beamforming · New Radio · 5G NR · numerol-
ogy· initial access· random access.
1 Introduction
In December 2017, the Third Generation Partnership Project (3GPP) released
an early version of the first 5G specifications [14] – officially named 5G non-
standalone (NSA) – to enable 5G New Radio (NR) deployments on top of the
current 4G systems. In this case, a device fully relies on the existing LTE interface
and protocols for control procedures while the data traffic can be split between
the 5G NR and LTE, which corresponds to architecture option three: “LTE
assisted, EPC1 Connected” [17].
After this initial phase, further developments set the course for 5G standalone
(SA) operation by incorporating a complete set of specifications for the new 5G
Core Network complementing the NSA version to enable operation not relying
on the 4G infrastructure. Half a year later, in June 2018, the complete SA
description has been “frozen” in Release 15. This signifies that its technical
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specifications2 are considered sufficiently stable, i.e., all new features, along with
the functionality required to implement them have been defined and addressed
in the standardization documentation.
The completion of the SA 5G NR specifications not only opens the door
to deploying 5G networks without relying on the existing infrastructure but
also marks a decisive step into a new era of an interconnected society. Aiming
at aggressive performance targets, the ongoing 3GPP efforts revolve around the
following three emerging use-cases: (i) enhanced mobile broadband (eMBB) with
the data rate requirements of up to 10 to 20 Gbps and support for high mobility
(up to 500 km/h3); (ii) massive machine-type communications (mMTC) at high
densities (up to one million connections per square km) calling for long bat-
tery life, broad range, and ultra-low cost; and (iii) ultra-reliable and low latency
(URLLC) communications characterized by extremely reliable and available con-
nectivity, high speeds, as well as 1 ms air and 5 ms end-to-end latencies [21].
Generally, although the 5G NR is defined with band-agnostic operations,
which allows this technology to be deployed on any bands without restrictions,
3GPP specifies two major frequency ranges (FR) for Release 15 [3]:
– 450 MHz – 6 GHz (FR1, referred to as Sub-6 GHz) incorporating bands
numbered from 1 to 255,
– 24.25 GHz – 52.6 GHz (FR2, commonly referred to as mmWave4) with the
bands numbered from 257 to 511.
Albeit it is important not to misinterpret 5G as a strictly mmWave solution since
the new standard provides high flexibility and supports a broad range of choices,
the mmWave frequencies represent one of the most perspective capabilities of
the 5G NR.
Naturally, mmWave communications exhibit certain undeniable advantages
including the much wider – available and yet unoccupied – bandwidth as well as
better spatial reuse and privacy aspects. The latter two are due to the utilization
of highly directional transmissions that can be achieved with smaller wavelengths
and hence, a higher number of antenna elements. At the same time, the defects
of these qualities manifest in higher signal attenuation (including specific atmo-
spheric effects) and implications of clustered multi-path signal structure, which
may dramatically increase the bit error rate. Luckily, these negative effects can
be mitigated by employing sophisticated beamforming and beam tracking mech-
anisms that become an indispensable part of NR research and implementation.
In this paper, we provide a condensed vision of the 5G NR key features
supported by Release 15, which should be taken into account by the engineers
2 3GPP naming convention: TS = technical specifications, TR = technical report, CR
= correction request.
3 As of today, the numerology of Release 15 supports the speeds of up to 100 km/h
[26], while higher values correspond to the eMBB use-case requirements and will be
addressed in Release 16.
4 Strictly speaking, mmWave starts at 30 GHz, but the community loosely assigns the
slightly lower frequencies to mmWave as well.
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and theoreticians while searching for the fundamental trade-offs and evaluating
the performance of mmWave-based NR systems, both analytically and through
simulation studies. The remainder of this text is organized as follows. Section II
outlines the main distinctive features of the NR technology according to Release
15, which boil down in this work to flexible NR numerology and 3D beamform-
ing. Section III outlines the initial access procedure employed by the 5G NR,
including a cell search mechanism and a random access procedure. Finally, we
conclude with a discussion on open questions and new features expected in Re-
lease 16.
2 5G New Radio Features
The legacy LTE networks, which could easily be described as a “one-fits-all”
solution, are unable to satisfy the increasingly stringent and highly diverse 5G
requirements in terms of reliability, availability, latency, QoS, scalability, and
throughput. To support a variety of vertical industries, the 5G NR – as a global
standard for a new OFDM-based air interface – is specifically designed to sup-
port a tremendous variety of 5G services and use-cases, device types, and de-
ployments. The officially completed Release 15 ratifies the 5G NR physical layer
with an emphasis on constructing flexible scalable numerology and scalable slot
duration.
In this section, we provide a brief outline of the key 5G NR features with a
particular focus on cellular mmWave operation, which has received much atten-
tion in the standardization community recently. The most important technical
specifications for the purposes of this review are listed in Table 1, whereas the
complete list of documents may be accessed online [13]. A comprehensive inter-
pretation of the standard may also be found in [1]. We structure the subsequent
discussion as two dedicated subsections, one of which addresses the new numerol-
ogy, while another one elaborates on the new beamforming features supported
by the 5G NR.
Table 1. 5G NR specification map.
TS number Title Version, date∗
38.101-1 UE Radio Transmission and Reception. Part 1. V15.2.0, 2018-07
38.201 Physical Layer General Description V15.0.0, 2018-01
38.202 Services Provided by the Physical Layer V15.2.0, 2018-06
38.211 Physical Channels and Modulation V15.2.0, 2018-06
38.212 Multiplexing and Channel Coding V15.2.0, 2018-06
38.213 Physical Layer Procedures for Control V15.2.0, 2018-06
38.214 Physical Layer Procedures for Data V15.2.0, 2018-06
38.215 Physical Layer Measurements V15.2.0, 2018-06
38.300 Overall Description V15.2.0, 2018-06
38.321 MAC Protocol Specification V15.2.0, 2018-06
*Recent version as of July 2018.
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2.1 New Scalable Numerology and Frame Structure
A numerology is defined as a set of parameters that specify the OFDM sys-
tem design and includes Subcarrier Spacing (SCS), Cyclic Prefix (CP), symbol
length, and Transmission Time Interval (TTI)5. The 5G NR numerology targets
various deployments and performance requirements; therefore, it is designed to
be configured flexibly to serve diverse purposes.
In particular, one significant difference between the LTE and 5G NR is that
the latter defines several SCSs [6] as opposed to the only option of 15 kHz,
which the current LTE standard specifies. Taking 15 kHz as a baseline, the NR
numerology is based on the exponentially scalable SCS as defined by f [kHz] =
15 · 2µ [4], where µ is referred to as the SCS configuration and takes the values
of 0 (15 kHz), 1 (30 kHz), 2 (60 kHz), 3 (120 kHz), or 4 (240 kHz)6.
In Table 2, we collect the range of SCSs that are advised by the current
Release 15 as well as provide the respective slot durations and other parameters
important for system-level evaluation. We intentionally highlight the mmWave
option, since this direction remains the primary objective of our paper. Due to
the impact of phase noise at higher frequencies, the carrier separation should
be increased, which naturally divides our table: the left vertical part belongs to
FR1 with narrower bands, while the right part corresponds to FR2, i.e., mmWave
frequencies, as also indicated in Table 2.
Table 2. Supported transmission numerologies in 5G NR.
µ 0 1 2 3 4
∆f = 2µ · 15 [kHz] 15 30 60 120 240∗
Cyclic prefix∗∗ Normal Normal Normal, Extended Normal Normal
For data∗∗∗ + + + + –
For synchronization∗∗∗ + + – + +
For data >6 GHz – – + + –
For synch >6 GHz – – – + +
Symbol duration, 1/∆f [µs] 66.67 33.33 16.67 8.33 4.17
Slot duration [µs] 1000 500 250 125 62.5
Number of slots per subframe 1 2 4 8 16
Number of slots per frame 10 20 40 80 160
Minimum bandwidth (MHz) [2] 4.32 8.64 17.28 34.56 69.12
Maximum bandwidth (MHz) [2] 49.5 99 198 396 397.44
Min. number of RBs, UL/DL [1] 24 24 24 24 24
Max. number of RBs, UL/DL [1] 275 275 275 275 138
∗
480 kHz is not adopted for Release 15 [5]
∗∗
Downlink: conventional OFDM with cyclic prefix (CP)
Uplink: conventional OFDM with CP with optional transform precoding
CP length is calculated based on slot and symbol length and number of symbols
per slot (14 for normal, 12 for extended CP [4])
∗∗∗
For either of two frequency ranges
5 Also referred to as one slot, multiple slots, or one mini-slot (see below) [4].
6 µ = −2 (3.75 kHz), which corresponds to the LTE NB-IoT SCS, is also supported.
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Further, different SCS values are translated into a flexible frame structure.
According to Release 15, downlink (DL) and uplink (UL) time is divided into
frames of 10 ms duration, and each frame comprises ten subframes of 1 ms length
(both values are constant). The basic transmission unit is a slot (TTI), which
carries 14 OFDM symbols (or 12 with Extended CP) for SCS of up to 60 kHz
and 14 symbols for higher SCSs [4]. In contrast to LTE, the slot duration can be
flexibly modified from 1 ms to 0.0625 ms depending on the selected SCS option
(i.e., the duration is calculated as a ratio 1/2µ ms, see Table 2). While shorter
slot durations (larger SCSs) aim at supporting low latency and high reliability,
longer values (lower SCSs) help increase spectral efficiency and may be suitable
for larger cell sizes and thus for the lower frequency ranges as mentioned above.
1 ms TTI (14 symbols), SCS = 15 KHz
10 ms frame, 10 subframes1 ms subframe
500 us TTI (14 symbols) SCS = 30 KHz
250 us TTI, 14 symbols, SCS = 60 KHz
1 2 3 4 5 6 7 8 9 10
...0 1 2 3 4 5 6 7 8 131211109
125 us TTI, 14 symbols, SCS = 120 KHz
Fig. 1. Scalable NR TTI.
A slot may be used for only DL, only UL, or mixed UL and DL transmis-
sion (e.g., incorporate both control and data exchange within one slot interval,
which may be managed dynamically via a slot format indication – valid for one
or several consecutive slots). This flexibility makes it possible to exchange TDD
self-contained slots [12,21] that incorporate UL/DL scheduling, data, and ac-
knowledgment all at once and represent one of the key enablers for URLLC.
Another new NR entity beneficial for URLLC is a mini-slot (minimal schedula-
ble resource optimized for short data transmissions), which may occupy 2, 4, or 7
OFDM symbols and start at any time without waiting for the slot boundary [23].
Release 15 also supports slot aggregation, so that the data may be scheduled over
multiple slots [3], even over slots having different formats [5].
2.2 Directivity and Beamforming at FR2
Another distinctive feature of 5G NR at mmWave frequencies is the possibility
to rely on beam steering by highly directional antennas, which has become fea-
sible for a wide range of use-cases due to smaller antenna elements and larger
antenna arrays. Moreover, the use of highly directional antennas at the NR base
station (gNB) and/or at the user equipment (UE) represents a natural solution
to compensate for faster signal attenuation and improve the link budget. Impor-
tantly, beamforming is not an exclusive mmWave-specific feature – it can also be
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used at lower frequencies; however, when it comes to extremely high frequency
range, beamforming becomes the only viable choice for most of the envisioned
use-cases.
In general, beamforming techniques are responsible for controlling the prop-
erties of electromagnetic radiation patterns and the gain of an antenna array by
aligning the amplitude and phase of transmit/receive signals. By doing so, a de-
vice is able to form an appropriate beam-pattern by increasing the antenna gains
toward the desired direction and, at the same time, suppressing the radiation
sideways and changing the interference footprint.
The most usable beamforming algorithms include exhaustive search (brute-
force sequential beam searching over a predefined codebook, which is a set
of beams to multiple directions covering the entire angular space) and iter-
ative or hierarchical search (two-stage scanning, which transmits the signals
over wide sectors and then refines within the best sector by steering narrower
beams) [18,16]. However, in case of narrow beams, these simple solutions may
likely result in excessive delays and can be inefficient for certain use-cases. To
properly align the beams within a limited delay budget, devices might need to
exploit alternative intricate techniques for beam and mobility management that
currently generate a particular interest within the research community.
Generally, beamforming may be categorized as two- or three-dimensional:
– 2D beamforming: controls the radiation pattern in one plane (the antenna
elements are positioned as a linear array).
– 3D beamforming7: steers the antenna beams not only in the azimuth but
also in the elevation plane (planar flat/volume arrays).
Compared to the conventional 2D techniques, 3D beamforming in 5G NR is
built on up to 256 (32) antenna elements for gNB (UE) and supports vertical
sectorization with an additional sector division in the radial direction. This extra
sectorization allows reducing co-channel interference and creating a higher degree
of freedom in optimizing the system performance without altering the existing
physical architecture [25]. We note that 3D beamforming is supported not only by
the NR but also by other mmWave technologies, such as IEEE 802.11ad/ay [19].
The beamforming architectures included in the 5G NR are [22]:
– Analog beamforming : exploits a single RF chain and multiple phase shifters,
which results in simpler beam-search procedures (one beam at a time). Char-
acterized by low power consumption and low complexity (used in, e.g., IEEE
802.11ad [20]).
– Digital beamforming : requires several RF chains, one for each antenna, and
thus is able to support multi-stream operation (e.g., MU-MIMO). Charac-
terized by higher flexibility in shaping the beams but also by increased costs,
power consumption, and complexity (used in, e.g., LTE and supported by
IEEE 802.11ay [19]).
7 also known as elevation beamforming
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– Hybrid beamforming : represents a compromise between the analog and dig-
ital options based on dividing the precoding between the analog and digital
domains. Characterized by fewer supported streams than digital, lower com-
plexity, and lower power consumption due to a decreased number of RF
chains.
Hybrid beamforming constitutes a relatively recent solution to combine the
strengths of both options above and promises nearly the same performance as
achieved by the digital beamforming [15].
Finally, with respect to directional data transmission, the NR standard en-
ables different design options for MIMO systems (up to 256 antenna elements).
To increase the data rate and improve the spatial diversity, 5G NR supports
eight streams for the single-user MIMO operation and twelve streams for the
multi-user MIMO in DL, as well as four streams for the single-user MIMO op-
eration in UL [22]. Since MIMO functionality requires continuous evaluation
of the channel quality, it may also benefit from utilizing the self-contained sub-
frame structure described above by transmitting the UL control information and
sounding reference signals [24].
3 Initial Access in 5G NR
Generally, initial access in cellular systems comprises several consecutive steps,
which we broadly divide into two stages (see Fig. 2):
– Stage I: cell search and synchronization (acquiring system information).
– Stage II: random access procedure.
In 5G NR, initial access resembles a standard procedure that the legacy
LTE relies upon: in particular, it includes receiving synchronization signals, ex-
tracting system information, and establishing a connection via a random access
procedure. However, regarding how the initial access is performed for FR2, 5G
NR differs from LTE operation significantly, which is primarily due to its highly
directional nature at the frequencies above 6 GHz.
Stage I:
Cell Search and Selection,
Synchronization
Stage II:
Random Access
Data
Transmission/
Reception
Initial Access
Fig. 2. Steps of the initial access procedure.
A key difference emerges already at Stage I during the cell search and syn-
chronization. We remind that in LTE the synchronization signals are transmitted
by using omnidirectional antennas (beamforming, if employed, applies only af-
ter synchronization, i.e., during the data transmission). In contrast, to extend
communication distances, an NR gNB employs beam sweeping8 already when
8 A sequential transmission by using the entire codebook or its subsets.
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broadcasting the synchronization signals. Hence, initial access for mmWave NR
becomes much more challenging, since both the UE and the gNB have to detect
the correct directions and align the beams before subsequent data transmission.
3.1 Stage I: Cell Search and Selection
At Stage I, the gNB periodically broadcasts Synchronization Signal Blocks9
(SSBs), which contain (i) Primary Synchronization Signal (PSS), (ii) Secondary
Synchronization Signal (SSS), and (iii) Physical Broadcast CHannel (PBCH) [4,5]
as demonstrated in Fig. 3. In contrast to LTE, the synchronization signals and
PBCH (carries system information) are inseparable in 5G NR. Each SSB is
mapped onto a different beam and broadcasted by the gNB to its proximate
UEs.
A cell search procedure is used by the UE to acquire time and frequency
synchronization with the cell as well as to determine the Cell ID. The UE listen-
ing on a channel first detects the symbol timing and Physical Cell ID (PCI) in
PSS over the time domain. Then, by utilizing SSS, the UEs obtain information
regarding the frame timing in the frequency domain, CP length, as well as detect
FDD/TDD and acquire the reference signals for demodulation [2].
P
S
S
P
B
C
H
S
S
S
P
B
C
H
4 OFDM symbols 
P
B
C
H
P
B
C
H
20 Resource Blocks (RB)
240 subcarriers
48 subcarriers 
= 4 RBs
48 subcarriers 
= 4 RBs
127 subcarriers
144 subcarriers
= 12 RBs
Synchronization Signal Block
(SSB)
Fig. 3. Time-frequency structure of the synchronization signal and PBCH block (con-
sists of PSS and SSS, which cover 1 OFDM symbol and 127 subcarriers (SCs) each,
and PBCH that occupies 3 OFDM symbols and 240 SCs, respectively). One Resource
Block (RB) = 12 SCs.
Importantly, the periodicity of the SSB is configured by the network, while
the default transmission periodicity, which is assumed by the UE before such
notifications, is 20 ms (i.e., 2 NR frames). This interval is four times longer
than that in LTE (5 ms) and aims at reducing the “always-on” transmission
overheads. The frame and slot timings are defined by the identifiers of SBSs and
acquired by the UE as described above.
More specifically, SSBs may be transmitted in a batch by forming an SS
Burst (one SSB per beam) that may be used during beam sweeping; a collection
of SS Bursts is referred to as an SS Burst Set. Both SS Burst and SS Burst Set
9 Also referred to as the synchronization signal and PBCH block in the specifications,
but may be simply understood as a beacon.
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may contain one or more elements, while the maximum number of SSBs in an
SS Burst is frequency-dependent and takes the values of 4 (below 3 GHz), 8 (3
to 6 GHz), or 64 (6 to 52.6 GHz) [27].
In Fig. 4, we illustrate the concept of SS bursts as well as outline the structure
of one TTI and demonstrate the share of resources occupied by one SSB. SS
Burst Set may occupy one half frame (5 ms), and the beam pattern repeats
every 2 frames [7] (by default for the initial access). The overheads created by
the occupied resources may be calculated based on the number of SCs (up to
3300), the size of the SSB (addressed in Fig. 3), and the number of SSBs per a
time unit, which is defined by the required number of beams and their periodicity.
SS Burst Set periodicity (20 ms)
SS Burst Set
half frame, 5 ms
SS Burst SS Burst SS Burst
... ... ...
Max. 3300 
subcarriers 
= 275 RBs
0 1 2 3 4 5 6 7 8 9 10 11 12 13
gu
ar
d 
sy
m
bo
l
TTI, 14 OFDM symbols
NR-
PDCCH
1 TTI
1 SSB
4 OFDM symbols
1 TTI
...
...
SS Burst Set
SS Burst SS Burst SS Burst
... ... ......
...
Fig. 4. SSB and SS burst composition [27]. One SSB corresponds to one beam.
The gNB may define multiple candidate positions for SSBs within a radio
frame, and this number corresponds to the number of beams. Identification of
which SSB is detected and thus acquisition of the frame and slot timings is
facilitated by DeModulation Reference Signal (PBCH DMRS), which plays the
role of a reference signal for decoding PBCH instead of Cell Specific Reference
Signal (CRS) used in LTE.
3.2 Stage II: Random Access
A random access procedure in 5G NR may be triggered by, e.g., handover, initial
access from idle/inactive modes, or beam failure recovery, and usually falls into
either of the two categories: contention-free (CFRA) and contention-based ran-
dom access (CBRA). Here, we focus on the latter option. As mentioned above,
random access in mmWave cellular generally shares most of its functionality with
LTE, which is built upon Physical Random Access CHannel (PRACH) preamble
considerations; however, the nature of high directivity imposes new challenges
and allows further options. Since single-beam operation (corresponding to omni-
directional transmission/reception at the frequencies below 6 GHz) is similar to
10 G. Sanfilippo et al.
LTE RACH functionality, we concentrate on multi-beam operation that arises
from using directional antennas [11].
At the beginning of the random access procedure, both the UE and the gNB
are not aware of the appropriate beam directions; hence, the initial access signals
are sent via multiple Tx beam sweeping. After detecting the initial synchroniza-
tion signals, the UE is able to select the best gNB Tx beam for further DL data
acquisition from the beams used to transmit the initial access signals. The gNB
also utilizes multiple Rx beams to cover the entire angular space, since the posi-
tion of this potentially attempting UE is unknown. The gNB provides multiple
RACH resources (SSBs) to the UE and applies one Rx beam per each RACH
resource that it announced previously. The number of RACH resources within
one RACH occasion10 and the number of contention-based preambles per one
beam are also advised by the serving gNB (the maximum is 64 preambles [5]).
Importantly, the design of the random access procedure may vary depending
on the presence of Rx/Tx reciprocity at the UE or the gNB (no reciprocity,
partial, or full reciprocity) [9,10]. If the gNB relies on beam reciprocity, it maps
the UL RACH resources onto the DL initial access signals before the UE starts
the RACH procedure [7] and by that may significantly reduce the required beam
training time.
In general, the NR RACH procedure includes the following four steps [11]
(tailored here to the case of full reciprocity for simplicity [28]):
1. Based on the synchronization information from the gNB, the UE selects
a RACH preamble sequence (MSG1) and sends it at the nearest RACH
occasion (occurs every 10, 20, 40, 80, or 160 ms). Due to reciprocity, the UE
may use the Tx beam corresponding to the best Rx beam determined during
synchronization. If reciprocity is available at the gNB, the UE transmits only
once; otherwise, it repeats the same preamble for all the gNB Tx beams.
2. The gNB responds to the detected preambles with a random access response
(RAR) UL grant (MSG2) in PDSCH by using one selected beam. After that,
the UE and the gNB establish coarse beam alignment that could be utilized
at the subsequent steps.
3. Upon receiving MSG2, the UE responds by MSG3 over the resources sched-
uled by the gNB, which is thus aware where to detect the MSG3 and which
gNB Rx beam should be used.
4. The gNB confirms the above by sending MSG4 in PDSCH using the gNB
Tx beam determined at the previous step.
Without the beam reciprocity, the UE transmits identical MSG1 signals with
the same UE TX beam during one RACH occasion, while the gNB receives the
preamble by the gNB Rx beam sweeping. The UE changes its Tx beam at the
next RACH occasion. Due to repeated transmission, preambles do not need a
CP and a guard period; they hence shorten compared to the reciprocity case.
Moreover, MSG2 also needs to be sent by sweeping the gNB Tx beams (unless
the UE informs the gNB regarding the best gNB Tx beam). The time required
10 Time allocated for sending preambles.
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for achieving beam alignment varies depending on the codebook length (i.e., the
number of combinations of gNB beams and UE beams). We note that as full
sweeping might significantly increase the delay, another potential solution for
the UE is to act as if reciprocity holds; then in case of a failure the gNB may
request to retransmit multiple preambles.
UEgNB
SSBs
Synchronization Signals
(and System Information)
Preamble Transmission (MSG1)
Directional Tx
(multiple beams)
Data Transmission
Random Access Response (MSG2)
Connection Request (MSG3)
Cotention Resolution (MSG4)
Directional Rx
(multiple beams )
Directional Tx/Rx
(best beam)
Directional Tx/Rx
(best beam)
In
iti
al
 A
cc
es
s
R
an
do
m
 A
cc
es
s
*Single-beam Tx or beam sweeping 
  depending on UL/DL reciprocity
*
*
*
Fig. 5. An example of 5G NR CBRA procedure: no preamble collisions, reciprocity is
not available at the UE (MSG1 is sent by multiple beams).
If two or more UEs select the same preamble, it may be decoded at the gNB
as one preamble, and the gNB then transmits its RAR as for one UE. In this case,
a preamble collision occurs at the third step above, when the UEs transmit their
requests by using the same resources and perceive a preamble failure after the
contention resolution timer expires (instead of receiving MSG4). After a collision,
the UE triggers a backoff time, which is selected randomly based on the backoff
window (ranges from 5 to 1920 ms [8]), and restarts. The UE transmits with
its default power or the power advised by the gNB. In case of an unsuccessful
transmission, the UE follows a power ramping procedure [8] similar to LTE
power ramping (while the power does not change during sweeping).
Table 3. Antenna configuration options
Configuration Strengths Weaknesses
Omnidirectional Tx –
Omnidirectional Rx
(Fully-
Omnidirectional)
Fast, has low complexity,
lowest overhead
High signal attenuation, not
suitable for most mmWave
applications
Directional Tx –
Directional Rx
(Fully-Directional)
Compensated signal
attenuation, wide coverage
area, high throughput,
reduced preamble collision
probability
Challenging cell search, high
complexity, high latency,
accentuated deafness and
blockage phenomena
Directional Tx –
Omnidirectional Rx
(Semi-Directional)
Reasonable compromise, low
complexity, low latency
Subject to mmWave link
instability
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DL synchronization RACH occasion n
SSB SSB ... SSB SSB SSB ... SSB...
Best gNB 
Tx beam
Preamble 
Tx
TimegNB
UE
Partial reciprocity (at UE)
No reciprocity
Full reciprocity
RACH occasion n
RACH occasion n+1
...
Fig. 6. Example of RACH operation with full/partial/no reciprocity.
3.3 Antenna Configurations
Given the two alternatives – onmidirectional and directional transmission in 5G
NR – we may differentiate between three possible antenna configurations that
can be used during the initial access phase, namely, fully-omnidirectional (OD),
fully-directional (FD), and semi-directional (SD) (see Table 3.2):
– Omnidirectional Transmissions – Omnidirectional Receptions (FO),
– Directional Transmissions – Directional Receptions (FD),
– Directional Transmissions – Omnidirectional Receptions (SD).
Here, the first configuration (FO) is the least preferable solution for most
mmWave scenarios (except for short line-of-sight links), because a fully omnidi-
rectional link suffers from uncompensated high path loss and thus the coverage
area is reduced significantly; however, it allows for much faster and simpler beam
search. The second configuration is the most beneficial in terms of the signal-
to-noise ratio and throughput but requires complex beam search algorithms and
causes delays as the UEs perform an entire angular-space scanning; however,
when utilized during the RACH preamble transmission, it could significantly
reduce preamble collision probabilities in dense scenarios.
Finally, the third configuration may become the desired compromise and
successfully aid during the synchronization procedure, which requires minimiz-
ing delays at most. While directional transmission allows compensating the de-
creased link budget, omnidirectional reception reduces the complexity and delay
of the beam search procedure; however, this option may also lead to the coverage
area mismatch. A choice between these three options can be based on the use-
case requirements, which include, e.g., link length, UE density, target preamble
collision probability, latency, and/or complexity of the device.
A Concise Review of 5G New Radio Capabilities 13
Table 4. Selected LTE and NR differences∗
LTE features NR features
Microwave frequencies Two available frequency ranges: below 6
GHz and above 6 GHz (mmWave)
Fixed physical layer parameters Scalable physical layer parameters (e.g.,
flexible SCS, scalable TTI)
Synchronization signals are separately and
omnidirectionally transmitted
Synchronization signals are grouped in
SSBs and directionally transmitted
Cell search procedures are fast and have
low complexity
Complex cell search procedures
Random access procedures have higher
preamble collision probability
Directional preamble reception may
reduce preamble collision probability
during random access
90% bandwidth efficiency (100 RB cover
18 MHz of 20 MHz bandwidth carrier)
Higher bandwidth efficiency reaching 99%
Direct Current (DC, with no information)
subcarrier helping to locate the frequency
No explicit DC subcarrier reserved for
downlink nor uplink
*Detailed LTE/NR comparison w.r.t. numerology and channels may be found in [2].
4 Conclusion
Our short review of the key differences between 5G NR and LTE is summarized
in Table 4. More specific numbers in terms of the physical layer procedures are
available in [2]. While Release 15 addresses the most essential features to deploy
5G networks, the following Release 16 – planned to be completed in December
2019 – targets to maintain the full-fledged 5G vision. The study items listed for
Release 16 [13] as of today include the following developments beyond Release 15:
NR-based access to unlicensed spectrum (to be studied for both licensed-assisted
access and stand-alone deployments, similarly to LAA), Non Orthogonal Multi-
ple Access (NOMA, allowing multiple UEs to access the channel over the same
resources by relying on multi-user detection algorithms), evaluation of advanced
V2X use-cases for NR and LTE, backhauling options for NR, industrial IoT
scenarios, 5G-grade URLLC enhancements, solutions to support non-terrestrial
networks, dual connectivity enhancements, and 5G for satellites.
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